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1
STEERABLE CATHETER

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application 1s a continuation of U.S. application Ser.

No. 16/159,966, filed on Oct. 135, 2018, 1ssuing as U.S. Pat.
No. 11,207,499, which claims the benefit of U.S. Applica-

tion No. 62/574,875, filed Oct. 20, 2017. Each related
application 1s incorporated by reference herein.

FIELD

The present application pertains generally to steerable
endovascular delivery devices and related methods.

BACKGROUND

Endovascular delivery devices are used 1n various proce-
dures to deliver prosthetic medical devices or instruments to
locations inside the body that are not readily accessible by
surgery or where access without surgery 1s desirable. Access
to a target location inside the body can be achieved by
inserting and guiding the delivery device through a pathway
or lumen 1n the body, including, but not limited to, a blood
vessel, an esophagus, a trachea, any portion of the gastro-
intestinal tract, a lymphatic vessel, to name a few. In one
specific example, a prosthetic heart valve can be mounted 1n
a crimped state on the distal end of a delivery device and
advanced through the patient’s vasculature (e.g., through a
femoral artery and the aorta) until the prosthetic valve
reaches the implantation site in the heart. The prosthetic
valve 1s then expanded to 1ts functional size such as by
inflating a balloon on which the prosthetic valve 1s mounted,
or by deploying the prosthetic valve from a sheath of the
delivery device so that the prosthetic valve can self-expand
to 1ts functional size.

The usefulness of delivery devices 1s largely limited by
the ability of the device to successiully navigate through
small vessels and around tight bends in the vasculature, such
as around the aortic arch. Various techniques have been
employed to adjust the curvature of a section of a delivery
device to help “steer” the prosthetic valve through bends 1n
the vasculature. Nevertheless, there 1s a continued need for
improved delivery devices.

SUMMARY

Disclosed herein are steerable catheter devices and related
methods, which can be used to deliver a medical device,
tools, agents, or other therapy to a location within a body of
a subject. In some 1mplementations, the steerable catheter
devices can be used to deliver a medical device through the
vasculature, such as to a heart of the subject.

Certain embodiments of the disclosure concern a steerable
medical apparatus that includes a shait having a proximal
portion and a distal portion. The delivery apparatus can
include a first pull wire having a proximal end and a distal
end, and the distal end of the first pull wire can be coupled
to the distal portion of the shait. The delivery apparatus can
include a second pull wire having a proximal end and a distal
end, and the distal end of the second pull wire can be
coupled to the distal portion of the shait. The delivery
apparatus can include a handle coupled to the proximal
portion of the shaft. The handle can have a steering mecha-
nism, which includes a first wheel and a second wheel
operatively coupled by a differential mechanism. The proxi-
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2

mal end of the first pull wire can be coupled to the first
wheel, and the proximal end of the second pull wire can be
coupled to the second wheel. Rotating both the first and
second wheels 1n a first rotational direction can increase
tension 1n the first and second pull wires such that the distal
portion of the shaft curves 1n a first angular direction 1n a first
plane. Further, rotating only the first wheel in the first
rotational direction results in rotation of the second wheel in
a second rotational direction opposite the first rotational
direction, increasing tension in the first pull wire and
decreasing tension in the second pull wire such that the distal
portion of the shaft curves 1n a second angular direction
away Ifrom the first plane.

In some embodiments, rotating both the first and second
wheels 1n the second rotational direction can decrease ten-
sion 1n the first and second pull wires such that the distal
portion of the shait curves 1 a third angular direction
opposite the first angular direction 1n the first plane.

In some embodiments, rotating only the second wheel 1n
the first rotational direction can result 1n rotation of the first
wheel 1n the second rotational direction, increasing tension
in the second pull wire and decreasing tension 1n the first
pull wire such that the distal portion of the shaft curves in a
fourth angular direction opposite the second angular direc-
tion away from the first plane.

In some embodiments, the distal ends of the first and
second pull wires can be spaced angularly apart from each
other by 180 degrees.

In some embodiments, the second angular direction and
the fourth angular direction can be 1n a second plane that 1s
substantially normal to the first plane.

In some embodiments, the distal end of the first pull wire
and the distal end of the second pull wire are spaced an equal
distance from a distal end of the shait.

In some embodiments, the delivery apparatus can further
include a first pull-wire conduit and a second pull-wire
conduit, each of which extends at least partially through the
proximal and distal portions of the shait. The first pull wire
can extend through the first pull-wire conduit and the second
pull wire can extend through the second pull-wire conduit.

In some embodiments, the handle can include a first
actuation mechanism operatively coupled to the steering
mechanism such that operating the first actuation mecha-
nism can selectively rotate both the first and second wheels
in the first or second rotational direction.

In some embodiments, the handle can include a second
actuation mechanism operatively coupled to the steering
mechanism such that operating the second actuation mecha-
nism can selectively rotate only the first or second wheel 1n
the first rotational direction.

In some embodiments, the distal end of the first pull wire
and the distal end of the second pull wire can be spaced
angularly apart from each other by an angle with respect to
a longitudinal axis of the shait, and the angle can be greater
than zero degree and less than 180 degrees.

Certain embodiments of the disclosure concern also con-
cern a steerable medical apparatus that includes a shait, a
first pull wire, a second pull wire, a steering mechanism, and
an actuation mechamsm. The shaft can include a proximal
portion and a distal portion. The first pull wire can have a
proximal end and a distal end, wherein the distal end of the
first pull wire 1s coupled to the distal portion of the shatt. The
second pull wire can have a proximal end and a distal end,
wherein the distal end of the second pull wire 1s coupled to
the distal portion of the shaft. The steering mechanism can
include a first wheel and a second wheel operatively coupled
by a differential mechanism. The proximal end of the first
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pull wire can be coupled to the first wheel, and the proximal
end of the second pull wire can be coupled to the second
wheel. The actuation mechanism can be operably coupled to
the steering mechanism. Actuating the actuation mechanism
in a {irst operational mode can rotate the first and second
wheels 1n same direction and cause the distal portion of the
shaft to curve 1 a first plane. Actuating the actuation
mechanism 1n a second operational mode can rotate the first
and second wheels 1n opposite directions and cause the distal
portion of the shaft to curve away from the first plane.

In certain embodiments, rotating both the first and second
wheels 1n a first rotational direction can increase tension in
the first and second pull wires such that the distal portion of
the shatt curves 1n a first angular direction 1n the first plane.

In certain embodiments, rotating both the first and second
wheels 1n a second rotational direction opposite the first
rotational direction can decrease tension in the first and
second pull wires such that the distal portion of the shaift
curves 1 a second angular direction opposite the {first
angular direction in the first plane.

In certain embodiments, rotating only the first wheel in a
first rotational direction can result 1n rotation of the second
wheel 1n a second rotational direction opposite the first
rotational direction, increasing tension in the first pull wire
and decreasing tension 1n the second pull wire such that the
distal portion of the shaft curves in a first angular direction
away Ifrom the first plane.

In certain embodiments, rotating only the second wheel in
the first rotational direction can result 1n rotation of the first
wheel 1n the second rotational direction, increasing tension
in the second pull wire and decreasing tension 1n the first
pull wire such that the distal portion of the shaft curves 1n a
second angular direction opposite the first angular direction
away from the first plane.

In certain embodiments, actuating the actuation mecha-
nism 1n the second operational mode can cause the distal
portion of the shait to curve in a second plane that 1s normal
to the first plane.

Also disclosed herein are methods of steering a delivery
apparatus 1n a subject’s vasculature. The method includes
actuating a differential mechanism of the delivery apparatus
to curve a distal portion of a shait of the delivery apparatus
in a first plane, and actuating the differential mechanism to
curve the distal portion of the shatt in a direction away from
the first plane.

In certain embodiments, the differential mechanism can
operatively couple a first wheel and a second wheel. The first
wheel can be coupled to a first pull wire and the second
wheel can be coupled to a second pull wire.

In certain embodiments, the act of actuating the difleren-
t1al mechanism to curve the distal portion of the shaft of the
delivery apparatus in the first plane can include rotating both
the first and second wheels 1n a first rotational direction so
as to increase tension 1n the first and second pull wires such
that the distal portion of the shaft can curve 1n a first angular
direction in the first plane.

In certain embodiments, the act of actuating the difieren-
t1al mechanism to curve the distal portion of the shait of the
delivery apparatus in the first plane can further include
rotating both the first and second wheels 1n a second
rotational direction opposite the first rotational direction so
as to decrease tension 1n the first and second pull wires such
that the distal portion of the shaft can curve 1n a second
angular direction opposite the first angular direction 1n the
first plane.

In certain embodiments, the act of actuating the difleren-
t1al mechanism to curve the distal portion of the shait in a
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direction away from the first plane can include rotating only
the first wheel 1n a first rotational direction, causing rotation
ol the second wheel in a second rotational direction opposite
the first rotational direction, thereby increasing tension in
the first pull wire and decreasing tension in the second pull
wire such that the distal portion of the shaft can curve 1n a
first angular direction away from the first plane.

In certain embodiments, the act of actuating the differen-
t1al mechanism to curve the distal portion of the shait in a
direction away from the first plane can further include
rotating only the second wheel 1n the first rotational direc-
tion, causing rotation of the first wheel 1n the second
rotational direction, thereby increasing tension 1n the second
pull wire and decreasing tension in the first pull wire such
that the distal portion of the shaft can curve 1n a second
angular direction away from the first plane.

In certain embodiments, the act of actuating the differen-
t1al mechanism to curve the distal portion of the shait in the
direction away from the first plane can cause the distal
portion of the shaft to curve in a second plane that 1s
perpendicular to the first plane.

The foregoing and other objects, features, and advantages
of the mvention will become more apparent from the fol-
lowing detailed description, which proceeds with reference
to the accompanying figures.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows a perspective view ol a representative
delivery apparatus, according to one embodiment.

FIG. 2 shows a cross-sectional side elevation view of a
distal portion of the delivery apparatus depicted 1in FIG. 1.

FIG. 3A shows a cross-sectional view of the delivery
apparatus depicted 1n FIG. 1, taken along line 3-3 of FIG. 2,
according to one embodiment.

FIG. 3B shows a cross-sectional view of the delivery
apparatus depicted in FIG. 1, taken along line 3-3 of FIG. 2,
according to another embodiment.

FIG. 4 shows a top plan view of a steering mechanism
included 1n the handle of the delivery apparatus depicted 1n
FIG. 1.

FIG. 5 shows a perspective view of the steering mecha-
nism depicted in FIG. 4.

DETAILED DESCRIPTION

In particular embodiments, a steerable medical apparatus
that can be used to deliver a medical device, tools, agents,
or other therapy to a location within the body of a subject can
include one or more steerable catheters and/or sheaths.
Examples of procedures in which steerable catheters and
sheaths are useful include cardiovascular, neurological, uro-
logical, gynecological, fertility (e.g., mn vitro fertilization,
artificial  1msemination), laparoscopic,  arthroscopic,
transesophageal, transvaginal, transvesical, transrectal, and
procedures including access in any body duct or cavity.
Particular examples include placing implants, including
stents, grafts, embolic coils, and the like; positioning 1mag-
ing devices and/or components thereof, including ultrasound
transducers; and positioning energy sources, for example,
for performing lithotripsy, RF sources, ultrasound emutters,
clectromagnetic sources, laser sources, thermal sources, and
the like. In particular embodiments, the steerable medical
apparatus 1s a delivery apparatus that 1s configured to deliver
an 1mplantable medical device, such as a prosthetic heart
valve, through a patient’s vasculature to the heart of a
patient. Thus, the following description proceeds with ref-
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erence to a steerable delivery apparatus. However, 1t should
be understood that the embodiments disclosed herein can be
incorporated 1n any steerable medical apparatus that is
insertable into a patient’s body for performing a medical
procedure on the patient.

In some embodiments, the delivery apparatus includes a
steerable shaft such as a guide sheath having one or more
delivery catheters coaxially disposed within the guide
sheath. In certain configurations, the delivery catheters can
comprise one or more balloons or another type of expansion
device at or near a distal end portion thereof for expanding
an 1mplantable medical device, such as a prosthetic heart
valve.

Typically, a delivery device employs a pull wire having a
distal end fixedly secured to a steerable section and a
proximal end operatively connected to an adjustment knob
located on a handle of the delivery device outside the body.
The pull wire 1s typically disposed 1n a pull-wire lumen that
extends longitudinally 1n or adjacent to a wall of the delivery
device, for example, a sheath or catheter. Adjusting the
adjustment knob, for example, rotating the knob, applies a
pulling force on the pull wire, which 1 turn causes the
steerable section to bend.

Some delivery devices employ multiple pull wires 1n
order to enable curving the steerable section in multi-
dimensions. For example, some delivery devices have two
pull wires, each of which has a distal end fixedly coupled to
the steerable section, and the distal end of the two pull wires
are spaced angularly apart from one another. The proximal
end of each pull wire can be operatively connected to a
respective adjustment knob on the handle to adjust the pull
wire’s tension. As such, tensioning both pull wires can flex
the steerable section 1n a first plane (e.g., curving backward
toward the handle), whereas increasing tension in one of the
pull wires while releasing tension in the other pull wire can
flex the steerable section in a second plane (e.g., curving
sideway) that transverses the first plane.

One problem of many delivery devices with dual pull-
wires 1s that each pull wire must be adjusted independently
in order to flex the steerable section 1n a desired direction.
For example, to flex the steerable section 1n the first plane,
it can be difficult to ensure equal tension 1s applied to both
pull wires. To flex the steerable section 1n the second plane,
the tension increase in one pull wire may not be appropri-
ately compensated by the tension decrease 1n the other pull
wire. Accordingly, steering accuracy of the delivery device
can be dithicult to control. Further, having independent
adjustment mechanisms for the two pull wires can increase
the design complexity and dimensional profile of the deliv-
ery device. Thus, a need exists for a delivery device with
improved design and steerabaility.

Referring to FI1G. 1, a delivery apparatus 10, according to
one embodiment, comprises a handle 12 and a shaft 14
extending distally therefrom. The shaft 14 has a proximal
portion 16 and a distal portion 18. The proximal portion 16
of the shait 14 can be coupled to the handle 12. The handle
12 can be configured to position and/or manmipulate the shaift
14, as further described below.

Although not shown, the delivery apparatus 10 can
include one or more catheters coaxially disposed within
and/or surrounding and movable relative to the shait 14. For
example, the delivery apparatus 10 can include an outer
sheath extending over and longitudinally movable relative to
the shaft 14. The delivery apparatus can also have an inner
catheter configured as an implant catheter coaxially disposed
within and movable relative to the central lumen 30 of the
shaft 14, and the implant catheter can have a balloon-
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inflatable or self-expandable prosthetic heart valve mounted
on a distal end of the implant catheter. Exemplary configu-
rations of the prosthetic heart valve and implant catheter are
turther disclosed 1n U.S. Patent Application Publication Nos.
2013/0030519, 2012/0123529, 2010/0036484, 2010/
0049313, 2010/0239142, 2009/0281619, 2008/0065011,
and 2007/0005131, the disclosures of which are incorpo-
rated by reference. In addition, 1t should be understood that
the delivery apparatus 10 can be used to deliver any of
various other implantable devices, such as docking devices,
leaflet clips, eftc.

Referring to FIG. 2, the shaft 14 can have a central lumen
30 enclosed by a side wall 32. The side wall 32 of the shaft
14 can, in some embodiments, be made of a flexible,
axially-non-compressible material and/or structure. In some
embodiments, the shaft 14 can be an extruded polymer tube
that 1s extruded to form the central lumen and the side wall
32. In another embodiment, the side wall 32 can comprise a
helical coil, which desirably 1s a closed pitch coil without
spacing between adjacent turns of the coil to avoid axial
compression of the coil. The coil can be made of any suitable
biocompatible metal, polymer, or combination thereof. The
shaft can include an mner polymer layer extending over the
inner surface of the coil and/or an outer polymer layer
extending over the outer surface of the coil.

In alternative embodiments, the side wall 32 can comprise
an eclongated slotted tube (e.g., a metal tube) that has a
plurality of axially-spaced, circumierentially extending slots
formed (such as by laser cutting) along the length of the
tube. Exemplary configurations of the slotted tube are
described 1n U.S. Patent Application Publication No. 2015/
03035865, which 1s icorporated herein by reference.

In another example, the side wall 32 can comprise a
polymeric tube remnforced with a braided metal layer, such
as polyimide tube reinforced with a braided stainless steel
layer. In some embodiments, an inner polymeric layer can be
secured to the mner surface of the braided layer and/or an
outer polymeric layer can be secured to the outer surface of
the braided layer.

As shown 1n FIGS. 2 and 3A-3B, the shaft 14 can further
comprise a plurality of pull wires 20, 22 disposed 1n and
extending longitudinally through respective pull-wire con-
duits 24, 26 formed in the side wall 32. The pull wires 20,
22 can be used to control and/or manipulate the curvature of
the distal portion 18 of the shait 14. The pull-wire conduits
24, 26 can extend at least partially through the proximal
portion 16 and distal portion 18 of the shait 14.

As shown 1n FIGS. 3A-3B, the pull-wire conduits 24, 26
can be eccentrically disposed relative to the central lumen 30
and circumierentially spaced relative to each other at the
distal portion 18 of the shait 14.

In some embodiments, the pull-wire conduits 24, 26 are
spatially separated from each other through the entire length
of the shaft 14. Alternatively, the pull-wire conduits 24, 26
can be merged together at the proximal portion 16 of the
shaft 14 but branch out separately at the distal portion 18 of
the shatt 14. In other words, the pull wires 20, 22 can share
the same lumen along the proximal portion 16 of the shaft
14 but extend through separate, longitudinally extending
pull-wire conduits 24, 26 at the distal portion 18 of the shaft
14.

In other embodiments, the pull-wire conduits 24, 26 may
have openings on the side wall 32 of the shaft 14 near the
proximal portion 16, so that the proximal portions of the pull
wires 20, 22 may extend outside the shait 14 through such
openings before connecting to a steering mechanism 38
located inside the handle 12. Other configurations of the
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pull-wire conduits are described i U.S. Patent Application
Publication No. 2016/015849°7, which 1s incorporated herein

by reference. Regardless of the configuration of the pull-
wire conduits 24, 26 at the proximal portion 16, the pull-wire
conduits 24, 26 can be substantially parallel to each other
along the distal portion 18 of the shait 14.

In some embodiments, the central lumen 30 and/or the
pull-wire conduits 24, 26 can have a low-Iriction and/or
flexible liner (not shown) covering the inner surface of the
lumen/conduit, and the liner can comprise polytetratluoro-
cthylene (PTFE), ultra-high-molecular-weight polyethylene
(UHMWPE), or another suitable material.

A proximal end 20a of the first pull wire 20 and a
proximal end 22a of the second pull wire 22 can be
connected to a steering mechanism 38 of the handle 12. As
described more fully below, the steering mechanism 38 can
be configured to selectively increase and/or decrease tension
in the pull wires 20, 22 to, for example, adjust the curvature
of the distal portion 18 of the shaft 14.

In some embodiments, the distal portion 18 of the shatt 14
can be constructed from a relatively more flexible material
than the proximal portion 16 of the shaft 14 and/or can
otherwise be constructed to be relatively more flexible than
the proximal portion 16 of the shaft 14 such that the
curvature of the proximal portion 16 can remain substan-
tially unchanged when the curvature of the distal portion 18
1s adjusted by applying tension thereto by the pull wires 20,
22, as further described below. Further details of the con-
struction of the shait 14, the handle 12, and/or adjusting
tension 1n a pull wire are described 1n U.S. Patent Applica-
tion Publication Nos. 2013/0030519, 2009/0281619, 2008/
0065011, and 2007/0005131, which are incorporated by
reference herein.

Referring to FIG. 2, the distal end 28 of the shait 14 can
be formed as a low durometer atraumatic tip, which can, in
certain embodiments, be radiopaque. A distal end 205 of the
first pull wire 20 and a distal end 2254 of the second pull wire
22 can be coupled to the distal portion 18 of the shaft 14. In
certain embodiments, the distal end 205 of the first pull wire
20 and the distal end 225 of the second pull wire 22 can be
coupled to the same or at least substantially the same axially
location at the distal end 28 of the shait 14. For example, 1n
some embodiments, the distal ends 206, 225 of the pull wires
20, 22 can be fixedly secured to a pull ring 34 that is
proximally adjacent to the distal end 28 of the shait 14. The
pull ring 34, which can be coaxial with the distal portion 18
of the shatt 14, can be embedded or otherwise secured to the
shaft 14 at or adjacent to the distal ends of the pull-wire
conduits 24, 26.

FIGS. 3A-3B shows exemplary embodiments of the angu-
lar positioning of the pull-wire conduits 24, 26 (and thus the
pull wires 20, 22) along the distal portion 18 of the shaft 14.
In the illustrated embodiments, the pull-wire conduits 24, 26
are disposed within the side wall 32 of the shait 14. In other
embodiments, the pull-wire conduits 24, 26 can have a
different location, for example, adjacent to an interior or
exterior surface of the side wall 32.

Along the distal portion 18 of the shait 14, the first
pull-wire conduit 24 can be positioned along a first axis B,
extending radially from the central axis 36 of the shaft 14 to
the first pull-wire conduit 24. The second pull-wire conduit
26 can be positioned along a second axis B, extending
radially from the central axis 36 of the shait 14 to the second
pull-wire conduit 26. As shown, the pull-wire conduits 24,
26 can be spaced angularly apart from one another by an
angle (a) between axes B, and B,.
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In the embodiment depicted 1n FIG. 3A, the angle o can
be about 180 degrees (1.e., the distal ends 205, 225 of the pull

wires 20, 22 are diametrically opposed to each other with
respect to the central axis 36).

In the other embodiment depicted 1n FIG. 3B, the angle .
can be any angle greater than zero degrees and less than 180
degrees. In some embodiments, the angle o can be between
about 90 degrees and about 150 degrees. In the embodiment
shown, the angle o 1s about 120 degrees.

As described more tully below, the dual-wire configura-
tions as depicted 1 FIGS. 3A-3B allow the distal portion 18
of the shaft 14 to flex in various directions on multiple
planes 1n a three-dimensional (3D) space, so as to accurately

and conveniently position and align the distal end 28 (and
the atraumatic tip) of the shaft 14.

Referring to FIGS. 4-5, the operation of the steering
mechanism 38 1s illustrated. As noted above, the proximal
ends 20a, 22a of the pull wires 20, 22 can be coupled to the
steering mechanism 38. In some embodiments, the steering
mechanism can be disposed inside of the handle 12.

The steering mechanism 38 can include a first spool or
wheel 40 and a second spool or wheel 42 connected by an
axle 46. Specifically, the first and second wheels 40, 42 can
be operatively coupled by a differential mechanism 44
located on the axle 46.

The differential mechanism 44 can include a drive shaft,
a first output shait, a second output shait, and a gear train
coupling the drive shait and the first and second output
shafts. The differential mechanism 44 can, for example,
allow the first and second output shafts to be rotated together
and/or individually. The differential mechanism 44 can, for
example, allow the first and second output shafts to be
rotated together in the same direction and/or in opposite
directions relative to each other. The differential mechanism
44 can be constructed and/or implemented by a variety of
means and 1t can be either passive or active. For example, in
some embodiments, the differential mechanism 44 can be an
open differential, a locking (e.g., selectively lockable) dii-
ferential, or a limited-slip differential. As described herein,
all known differentials can be used in the steering mecha-
nism 38, and they are considered to be within the scope of
the present disclosure.

In one particular embodiment, the first output shaft of the
differential mechanism 44 can be coupled to the first wheel

40, and the second output shaft of the dil

erential mechanism
44 can be coupled to the second wheel 42. As such, the
steering mechanism 38 can adjust the tension of the first and
second pull wires 20, 22 by selectively rotating the first and
second wheels 40, 42.

As shown 1n FIG. 4, the proximal end 20a of the first pull
wire 20 can be coupled to the first wheel 40, and the
proximal end 22a of the second pull wire 22 can be coupled
to the second wheel 42. The first and second pull wires 20,
22 can be respectively spooled or wound around the first and
second wheels 40, 42. In the illustrated embodiments, pull
wires 20, 22 are generally spooled or wound i1n the same
direction, e.g., either clockwise or counterclockwise.

In a first operational mode, generally equal tension can be
applied to both pull wires 20, 22 by rotating both wheels 40,
42 1 a same direction. This can be accomplished, for
example, by rotating the drive shaft of the differential
mechanism 44. In certain embodiments, a locking differen-
tial and/or limited slip differential can help maintain equal
tension on both pull wire by ensuring that both wheels 40,
42 rotate together 1n the same direction as the drive shatt 1s
rotated.
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For example, as 1llustrated 1n FIG. 4, rotating both the first
and second wheels 40, 42 1n a first rotational direction D,
(e.g., clockwise) can wind the pull wires 20, 22 onto the

wheels 40, 42 so as to increase tension 1n the pull wires 20,
22. This can cause the distal portion 18 of the shait 14 to
curve 1n a first angular direction U 1n a first plane P,, as

shown in FIGS. 3A-3B.

Conversely, rotating both the first and second wheels 40,
42 1n a second rotational direction D, (e.g., counter-clock-
wise) opposite the first rotational direction D, can unwind
the pull wires 20, 22 from the wheels 40, 42 so as to decrease
tension 1n the pull wires 20, 22. This can cause the distal
portion 18 of the shaft 14 to return to a resting configuration
of the shaft 14, by curving 1n a second angular direction D

opposite the first angular direction U 1n the first plane P, as
shown 1n FIGS. 3A-3B.

In lieu of or 1n addition to simultaneously adjusting
tension in the pull wires 20, 22 by rotating the first and
second wheels 40, 42 together in the same direction, tension
in the pull wires 20, 22 can be simultaneously adjusted by
longitudinally translating the steering mechanism 38 relative
to the shaft 14. For example, the drive shaft of the differ-
ential mechanism 44 and/or an independent drive shatt
connecting to the axle 46 can be configured to translate (e.g.,
slide) the axle 46 distally and/or proximally relative to the
shaft 14. Because the first and second wheels 40, 42 are
coupled by the axle 46, distal or proximal movement of the
axle 46 results 1n corresponding distal or proximal move-
ment of the wheels 40, 42. Because the proximal ends 20a,
22a of the pull wires 20, 22 are connected to the wheels 40,
42, proximal movement (e.g., longitudinal movement 1n the
direction shown by arrow D, shown of FIG. 4) of the wheels
40, 42 relative to the shait 14 can increase tension 1n the pull
wires 20, 22, whereas distal movement (e.g., longitudinal
movement in the direction shown by arrow D, of FIG. 4) of
the wheels 40, 42 relative to the shaft can decrease tension
in the pull wires 20, 22.

As noted above, the conduits 24, 26 can be substantially
parallel to each other along the distal portion 18 of the shaift
14. Accordingly, the first and second pull wires 20, 22 at the
distal portion 18 can be substantially parallel to each other
such that they can define a second plane P..

For the embodiment depicted in FIG. 3A where the distal
ends 2056, 226 of the pull wires 20, 22 are diametrically
opposed to each other with respect to the central axis 36, the
second plane P, can intersect the second plane P, at the
central axis 36. Further, the second plane P, can be substan-
tially normal to the first plane P,.

The distal portion 18 of the shaft 14 can have a biased
structure that enables the distal portion 18 to curve 1n the
first angular direction U when both pull wires 20, 22 are
tensioned. For example, side wall areas of the distal portion
18 facing the first angular direction U can have a lower
durometer than the side wall areas on the opposite side (i.e.,
facing the second angular direction D). Various structures
can be employed to achieve such durometer difference. For
example, the opposing side walls of the distal portion 18 can
be constructed by using different materials, or the same
material having different densities, or different structures
(e.g., the distal portion 18 can have a slotted tube portion
where the slots are located on the side wall areas facing the
first angular direction U), or any combination thereof.

For the embodiment depicted in FIG. 3B where the distal
ends 205, 225 of the pull wires 20, 22 are spaced angularly
apart from each other by an angle less than 180 degrees, the
second plane P, can intersect the first plane P, at a location
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that 1s eccentric to the central axis 36. Further, the second
plane P, can be substantially normal to the first plane P, .

The distal portion 18 of the shaft 14 can have an intrinsic
bias to curve 1n the first angular direction U when both pull
wires 20, 22 are tensioned. Because the distal ends 205, 225
of the pull wires 20, 22 are disposed on the same side of the
central axis 36 along the first angular direction U, tensioning
both pull wires 20, 22 can generate a bending force away
from the central axis 36 1n the first angular direction U.

In certain embodiments, the distal portion 18 can be
straight when 1t 1s 1n 1ts neutral or resting configuration.
Increasing tension on both pull wires 20, 22 can cause the
distal portion 18 of the shaft 14 to flex in the first angular
direction U, thus moving the distal end 28 of the shaft 14
slightly proximally toward the handle 12. On the other hand,
releasing tension on pull wires 20, 22 can allow the distal
portion 18 to straighten in the second angular direction D
and move the distal end 28 of the shaft 14 slightly distally
away from the handle 12.

In alternative embodiments (not shown), the distal portion
18 can be pre-curved (e.g., curving 1n the direction D) when
it 15 1n neutral configuration. In such embodiments, increas-
ing tension on both pull wires 20, 22 can cause the distal
portion 18 to straighten and/or flex 1n the direction U, while
decreasing tension allows the distal portion 18 of the shatt
14 to return to its pre-curved, neutral configuration (e.g.,
curving in the direction D).

In a second operational mode, tension can be applied to
only one of the pull wires 20, 22, whereas tension in the
other pull wire 1s reduced. This can be accomplished, for
example, by rotating the wheels 40, 42 in opposite directions
such that winding of one pull wire 1s accompanied by
unwinding ol the other pull wire. As a result, the distal

portion 18 of the shait 14 can curve away from the first plane
Pl

For example, as illustrated in FIG. 5, due to the differ-
ential mechanism 44, rotating only the first wheel 40 1n the
first rotational direction D, (e.g., clockwise) can result 1n
simultaneous rotation of the second wheel 42 1n the second
rotational direction D, (e.g., counter-clockwise) that 1s
opposite the first rotational direction D,. This can increase
tension 1n the first pull wire 20 and decrease tension in the
second pull wire 22. As a result, the distal portion 18 of the
shaft 14 can curve 1n a first angular direction L. away from
the first plane P, (see e.g., FIGS. 3A-3B).

Conversely, rotating only the second wheel 42 1n the first
rotational direction D, (e.g., clockwise) can result 1n simul-
taneous rotation of the first wheel 40 1n the second rotational
direction D, (e.g., counter-clockwise). This can decrease
tension 1n the first pull wire 20 and increase tension 1n the
second pull wire 22. As a result, the distal portion 18 of the
shaft 14 can curve 1n a second angular direction R away
from the first plane P, (see e.g., FIGS. 3A-3B). The second
angular direction R can be generally opposite the first
angular direction L.

For the embodiment depicted 1n FIG. 3A where the distal
ends 2056, 226 of the pull wires 20, 22 are diametrically
opposed to each other with respect to the central axis 36,
rotating the wheels 40, 42 1n opposite directions can cause
the distal portion 18 of the shaft 14 to curve in the second
plane P, that 1s perpendicular to the first plane P,. In other
words, the first angular direction L and the second angular
direction R can be within the second plane P,, pointing to
opposite directions (e.g., respectively to the left and right 1n
FIG. 3A) away from the central axis 36.

For the embodiment depicted 1n FIG. 3B where the distal
ends 205, 225 of the pull wires 20, 22 are spaced angularly
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apart from each other by an angle less than 180 degrees,
rotating the wheels 40, 42 1n opposite directions can cause
the distal portion 18 of the shait 14 to curve away from the
first plane P1 1n a non-perpendicular fashion, due to the
eccentricity of the pull wires 20, 22 relative to the central
axis 36.

For example, the first angular direction L can be decom-
posed 1nto a first component L, 1n the first plane P, (e.g., to
the top 1n FIG. 3B) and a second component L, in the second
plane P, (e.g., to the left in FIG. 3B). Similarly, the second
angular direction R can be decomposed into a first compo-
nent R, 1n the first plane P, (e.g., to the top in FIG. 3B) and
a second component R, in the second plane P, (e.g., to the
right in FIG. 3B). While the second components [, and R,
are within the second plane P,, pointing to opposite direc-
tions (e.g., respectively to the left and right in FIG. 3B) away
trom the central axis 36, the first components [, and R, are
away Irom the second plane P,, pointing to the same
direction (e.g., to the top in FIG. 3B).

In certain embodiments, the distal portion 18 of the shaft
14 can be straight when it i1s in its neutral or resting
configuration. Increasing tension in only one of the pull
wires while simultaneously decreasing tension in the other
pull wire can cause the distal portion 18 to curve in one
angular direction (e.g., L or R) away from the first plane P, .
Reversing the tensioning and/or untensioning of the pull
wires can allow the distal portion 18 of the shait 14 to return
to 1ts straight configuration, and/or curve in the opposite
angular direction away from the first plane P,.

In alternative embodiments (not shown), the distal portion
18 can be pre-curved (e.g., curving toward direction L or R)
when 1t 1s 1n 1ts neutral configuration. Increasing tension in
only one of the pull wires while simultaneously decreasing
tension 1n the other pull wire can cause the distal portion 18
to flex 1n the opposite angular direction (e.g., R or L),
causing the distal portion 18 to straighten or even curve
toward the opposite side relative to its neutral, pre-curved
configuration. Reversing the tensioning and/or untensioning
of the pull wires can allow the distal portion 18 to return to
its pre-curved configuration and/or even curve beyond its
neutral, pre-curved configuration.

The delivery apparatus 10 can include an actuation
mechanism 48, which can be positioned on the handle 12
and operably coupled to the steering mechanism 38. The
actuation mechanism 48 can be operated 1n a plurality of
operational modes. For example, actuating the actuation
mechanism 48 1n a first operational mode can rotate both
wheels 40, 42 1n the same direction and cause the distal
portion 18 of the shait 14 to curve 1n the first plane P,, and
actuating the actuation mechanism 48 in a second opera-
tional mode can rotate the wheels 40, 42 1n opposite direc-
tions relative to each other and cause the distal portion 18 of
the shaft 14 to curve away from the first plane P,.

In the exemplary embodiment depicted in FIG. 1, the
actuation mechanism 48 includes a first actuation mecha-
nism 50 and a second actuation mechanism 52. The first
actuation mechanism 50 can be operatively coupled to the
steering mechanism 38 such that operating the first actuation
mechanism 50 can selectively rotate both the first and
second wheels 40, 42 1n either the first or second rotational
direction (1.e., D, or D,). The second actuation mechanism
52 can be operatively coupled to the steering mechamism 38
such that operating the second actuation mechanism 52 can
selectively rotate only one of the wheels 40, 42 1n the first
rotational direction D,, resulting 1n simultaneous rotation of
the other wheel 1n the second rotational direction D,
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The user-interface of the first and second actuation
mechanisms 50, 52 can take the form of rotatable knobs as
depicted in FIG. 1. For example, clockwise (or counter-
clockwise) rotation of the first actuation mechanism 50 can
simultaneous increase the tension of both pull wires 20, 22;
whereas, counter-clockwise (or clockwise) rotation of that
knob can simultaneous decrease the tension of both pull
wires 20, 22. In another example, clockwise (or counter-
clockwise) rotation of the second actuation mechanism 52
can simultancously increase the tension of the pull wire 20
and decrease the tension of the pull wire 22; whereas,
counter-clockwise (or clockwise) rotation of that knob can
simultaneously increase the tension of pull wire 22 and
decrease the tension of pull wire 20.

It should be understood, however, that the user interface
ol actuation mechanism 48 can take any other forms, such
as push buttons, joysticks, voice-controlled actuators, etc.
Although the embodiment depicted in FIG. 1 shows two
independent rotatable knobs, 1t should be understood that the
user interface of the actuation mechanism 48 can be inte-
grated mto a single unit, or alternatively 1t can include a
collection of more than two units. In one exemplary, non-
limiting embodiment (not shown), the user interface of the
actuation mechanism 48 can include four buttons: a first
button configured to increase tension in both pull wires 20,
22; a second button configured to decrease tension in both
pull wires 20, 22; a third button configured to increase
tension 1n pull wire 20 and decrease tension 1n pull wire 22;
and a fourth button configured to increase tension in pull
wire 22 and decrease tension 1n pull wire 20.

Although not shown, it should be understood that the
operational coupling between the actuation mechanism 48
and the steering mechanism 38 can also take a variety of
forms. For example, the first actuation mechanism 50 can be
coupled to the steering mechanism 38 by the drive shait of
the diflerential mechanism 44. Actuating the first actuation
mechanism 50 can rotate the drive shaft and a drive gear
inside the differential mechanism 44, thus causing the first
and second output shafts to rotate clockwise or counter-
clockwise. As a result, both wheels 40, 42 can rotate in the
same direction as the first and second output shaits and can
increase or decrease the tension of both pull wires 20, 22.
Alternatively, the first actuation mechanism 350 can directly
increase or decrease the tension of both pull wires 20, 22 by
simultaneously winding or unwinding those wires on respec-
tive wheels 40, 42. The second actuation mechanism 52 can
be coupled to the steering mechanism 38 such that 1t can
selectively drive only one of the output shafts and/or wheels
40, 42. For example, the second actuation mechanism 52 can
be configured to drive only one wheel 1n one rotational
direction (D, or D,), causing the other wheel to rotate 1n
opposite direction due to the differential mechanism 44.

In some embodiments, the delivery apparatus 10 can
turther include at least two sensors (not shown) that respec-
tively measure the tension force in each of the pull wires 20,
22. Those sensors can be operatively coupled to one or more
indicators (not shown) positioned on the handle 12. The
indicators can take a variety of forms, such as needle
indicators, LED lights, digital display, etc. Such indicators
can be used to provide user-perceivable feedback and infor-
mation to the operator about the tension of each pull wire
measured by respective sensors. Thus, the operator can
precisely control the flexing of the distal portion 18 of the
shaft 14 by adjusting the tension of each pull wire through
the actuation mechanism 48.
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General Considerations

It should be understood that the disclosed embodiments
can be adapted to deliver and implant prosthetic devices 1n
any of the native annuluses of the heart (e.g., the pulmonary,
mitral, and tricuspid annuluses), and can be used with any of
vartous delivery approaches (e.g., retrograde, antegrade,
transseptal, transventricular, transatrial, etc.).

For purposes of this description, certain aspects, advan-
tages, and novel features of the embodiments of this disclo-
sure are described herein. The disclosed methods, apparatus,
and systems should not be construed as being limiting in any
way. Instead, the present disclosure 1s directed toward all
novel and nonobvious features and aspects of the various
disclosed embodiments, alone and in various combinations
and sub-combinations with one another. The methods, appa-
ratus, and systems are not limited to any specific aspect or
feature or combination thereof, nor do the disclosed embodi-
ments require that any one or more specific advantages be
present or problems be solved. The technologies from any
example can be combined with the technologies described 1n
any one or more of the other examples. In view of the many
possible embodiments to which the principles of the dis-
closed technology may be applied, 1t should be recognized
that the 1llustrated embodiments are only preferred examples
and should not be taken as limiting the scope of the disclosed
technology.

Although the operations of some of the disclosed embodi-
ments are described 1n a particular, sequential order for
convenient presentation, it should be understood that this
manner of description encompasses rearrangement, unless a
particular ordering is required by specific language set forth
below. For example, operations described sequentially may
in some cases be rearranged or performed concurrently.
Moreover, for the sake of simplicity, the attached figures
may not show the various ways 1 which the disclosed
methods can be used 1 conjunction with other methods.
Additionally, the description sometimes uses terms like
“provide” or “achieve” to describe the disclosed methods.
These terms are high-level abstractions of the actual opera-
tions that are performed. The actual operations that corre-
spond to these terms may vary depending on the particular
implementation and are readily discernible by one of ordi-
nary skill in the art.

As used 1n this application and 1n the claims, the singular
forms “a,” “an,” and “the” include the plural forms unless
the context clearly dictates otherwise. Additionally, the term
“includes” means “comprises.” Further, the terms “coupled”
and “connected” generally mean electrically, electromag-
netically, and/or physically (e.g., mechanically or chemi-
cally) coupled or linked and does not exclude the presence
of intermediate elements between the coupled or associated
items absent specific contrary language.

Directions and other relative references (e.g., mnner, outer,
etc.) may be used to facilitate discussion of the drawings and
principles herein, but are not intended to be limiting. For
example, certain terms may be used such as “inside,”
“outside,”, “interior,” “exterior,” and the like. Such terms are
used, where applicable, to provide some clarity of descrip-
tion when dealing with relative relationships, particularly
with respect to the illustrated embodiments. Such terms are
not, however, mtended to imply absolute relationships,
positions, and/or orientations. As used herein, “and/or”
means “and” or “or”, as well as “and” and “or”.

In view of the many possible embodiments to which the
principles of the disclosure may be applied, it should be
recognized that the illustrated embodiments are only
examples and should not be taken as limiting the scope of
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the claimed subject matter. Rather, the scope of the claimed
subject matter 1s defined by the following claims and their
equivalents.

The mvention claimed 1s:

1. A method of steering a delivery apparatus 1n a subject’s
vasculature, the method comprising:

actuating a differential mechanism of the delivery appa-

ratus to curve a distal portion of a shaft of the delivery
apparatus in a first plane; and

actuating the differential mechanism to curve the distal

portion of the shaft in a second plane, wherein the
second plane 1s diflerent than the first plane,

wherein the differential mechanism operatively couples a

first wheel and a second wheel,
wherein the first wheel 1s coupled to a first pull wire and
the second wheel 1s coupled to a second pull wire, and

wherein the actuating the differential mechamism to curve
the distal portion of the shaft in the second plane
comprises rotating only the first wheel 1n a first rota-
tional direction, causing rotation of the second wheel 1n
a second rotational direction opposite the first rotational
direction, thereby increasing tension in the first pull
wire and decreasing tension in the second pull wire
such that the distal portion of the shait curves 1n a first
angular direction 1n the second plane.

2. The method of claim 1, wherein the actuating the
differential mechanism to curve the distal portion of the shaft
of the delivery apparatus 1n the first plane comprises rotating
both the first and second wheels 1n the first rotational
direction so as to increase tension in the first and second pull
wires such that the distal portion of the shaft curves in a first
angular direction in the first plane.

3. The method of claim 2, wherein the actuating the
differential mechanism to curve the distal portion of the shaft
of the delivery apparatus 1n the first plane further comprises
rotating both the first and second wheels 1n the second
rotational direction opposite the first rotational direction so
as to decrease tension 1n the first and second pull wires such
that the distal portion of the shaft curves in a second angular
direction opposite the first angular direction 1n the first
plane.

4. The method of claim 1, wherein the actuating the
differential mechanism to curve the distal portion of the shaft
in the second plane further comprises rotating only the
second wheel 1n the first rotational direction, causing rota-
tion of the first wheel 1n the second rotational direction,
thereby 1increasing tension in the second pull wire and
decreasing tension in the first pull wire such that the distal
portion of the shaft curves 1n a second angular direction in
the second plane.

5. The method of claim 1, wherein the second plane 1s
perpendicular to the first plane.

6. The method of claim 1, wherein the differential mecha-
nism 1s operatively coupled to the first pull wire and the
second pull wire, and actuating the differential mechanism
increases or reduces tension 1n at least one of the first pull
wire and the second pull wire.

7. The method of claim 6, wherein increasing or decreas-
ing tension in the first pull wire and the second pull wire
together curves the distal portion of the shaft of the delivery
apparatus 1n the first plane, and wherein increasing or
decreasing tension 1n one of the first pull wire or the second
pull wire alone curves the distal portion of the shaft of the
delivery apparatus in the second plane.

8. A method of steering a delivery apparatus 1n a subject’s
vasculature, the method comprising:
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actuating a first wheel and a second wheel of the delivery
apparatus 1n a single rotational direction to curve a
distal portion of a shaft of the delivery apparatus 1n a
first plane; and

actuating the first wheel and the second wheel of the

delivery apparatus 1n opposite rotational directions to
curve the distal portion of a shait of the delivery
apparatus 1n a second plane, wherein the second plane
1s different than the first plane,

wherein the first wheel and the second wheel are coupled

by a differential mechanism and the first wheel 1s
coupled to a first pull wire and the second wheel 1s
coupled to a second pull wire, and

wherein rotating only the first wheel 1n a first rotational

direction causes rotation of the second wheel 1n a
second rotational direction opposite the first rotational
direction, thereby increasing tension in the first pull
wire and decreasing tension 1n the second pull wire
such that the distal portion of the shait curves 1n a first
angular direction in the second plane.

9. The method of claim 8, wherein actuating the first
wheel and the second wheel 1n the first rotational direction
increases tension 1n the first pull wire and the second pull
wire, such that the distal portion of the shaft of the delivery
apparatus curves 1n a first angular direction 1n the first plane.

10. The method of claim 8, wherein actuating the first
wheel and the second wheel 1n the second rotational direc-
tion decreases tension in the first pull wire and the second
pull wire such that the distal portion of the shait of the
delivery apparatus curves in a second angular direction 1n
the first plane.

11. The method of claim 8, wherein actuating the second
wheel 1n the first rotational direction and rotating the first
wheel 1n the second rotational direction opposite to the first
rotational direction decreases tension in the first pull wire
and increases tension in the second pull wire, such that the
distal portion of the shaift of the delivery apparatus curves 1n
a second angular direction 1n the second plane.

12. A method of steering a delivery apparatus 1 a
subject’s vasculature, the method comprising:

10

15

20

25

30

35

16

actuating a differential mechanism of the delivery appa-
ratus to increase or decrease tension i a first control
wire and a second control wire to curve a distal portion
of a shait of the delivery apparatus in a first plane; and

actuating the diflerential mechanism to increase or
decrease tension in the first control wire and the second
control wire to curve the distal portion of the shaft in a
second plane, wherein the second plane 1s different than
the first plane, and

wherein a first wheel and a second wheel are coupled by

the differential mechanism and the actuating the dif-
ferential mechanism to curve the distal portion of the
shaft 1n the second plane comprises rotating only the
first wheel 1n a first rotational direction, causing rota-
tion of the second wheel 1n a second rotational direction
opposite the first rotational direction, thereby increas-
ing tension in the first control wire and decreasing
tension in the second control wire such that the distal
portion of the shait curves 1n a first angular direction 1n
the second plane.

13. The method of claim 12, wherein actuating the dif-
ferential mechanism increases tension in the first control
wire and the second control wire to curve the distal portion
of the shaft of the delivery apparatus i1n a first angular
direction 1n the first plane.

14. The method of claim 13, wherein actuating the dif-
ferential mechanism decreases tension in the first control
wire and the second control wire to curve the distal portion
of the shait of the delivery apparatus 1 a second angular
direction opposite to the first angular direction 1n the first
plane.

15. The method of claim 12, wherein actuating the dif-

ferential mechanism decreases tension in the first control
wire and increases tension 1n the second control wire to
curve the distal portion of the shait of the delivery apparatus
in a second angular direction opposite to the first angular
direction 1n the second plane.
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